ABSTRACT Actin-based motility in cells is usually associated with either polymerization/depolymerization in the presence of cross-linkers or contractility in the presence of myosin motors. Here, we focus on a third distinct mechanism involving actin in motility, seen in the dynamics of an active actin spring that powers the acrosomal reaction of the horseshoe crab (Limulus polyphemus) sperm. During this process, a 60-mm bent and twisted bundle of cross-linked actin uncoils and becomes straight in a few seconds in the presence of Ca 2þ . This straightening, which occurs at a constant velocity, allows the acrosome to forcefully penetrate the egg. Synthesizing ultrastructural information with the kinetics, energetics, and imaging of calcium binding allows us to construct a dynamical theory for this mechanochemical engine consistent with our experimental observations. It also illuminates the general mechanism by which energy may be stored in conformational changes and released cooperatively in ordered macromolecular assemblies.
INTRODUCTION AND EXPERIMENTAL OBSERVATIONS
The dynamics of conformational change in crystalline biopolymers is of importance in a number of subcellular processes such as self-assembly, polymorphism, switching, and folding. Examples of protein polymorphism arise in bacterial flagella (1, 2) , which can exist in a range of helical states; microtubules that exhibit dynamic instability (3); virus shells that inflate, facet, and thin as they mature (4); phage viruses that drill into their bacterial hosts (5) ; and the collective dynamics of allosteric transitions in large protein assemblies (6) . In each of these examples, a unit cell of the macromolecular assembly, which consists of a large number of identical subunits, can exist in multiple states. Thus, even a small conformational change at the level of a subunit leads to a large amplification at the mesoscopic scale simply due to the multiplication of this change by the number of subunits, if the structural architecture permits this. From a dynamical perspective, a natural question is how these conformational changes occur: are they simultaneous over the entire assembly or do they propagate along it? Indeed, this general question can be asked of any large assembly, including that of protein misfolding, where large ordered aggregates are often polymorphic.
Here, we consider an example of such a conformational change in eukaryotes that is particularly well studied from a structural and biochemical perspective and thus amenable to a quantitative physical approach. In the acrosomal reaction of the Limulus polyphemus (horseshoe crab or Xiphosura), the sperm cell swims up to the egg, where there is an abundance of Ca 2þ ions, after which a 60-mm-long twisted, bent, and coiled bundle of protein (24-68 nm in radius) extends from the anterior of the sperm cell, penetrates the egg, and starts the fertilization process. This irreversible reaction converts the coil to a straight rod termed true discharge (TD) (Fig. 1, a and b) . The bundle is composed of just three proteins, cytoskeletal actin, a tight dimeric cross-linker scruin, and the calcium-binding protein calmodulin, in a stoichiometric ratio of 1:1:1 (7) . A simple way of activating the reaction is to use a combination of sea water and calcium ionophores (see Appendix: Methods and Materials), which allows us to quantify the extruded length of the actin bundle as a function of time (8) . We see that the velocity is constant when triggered by calcium ionophores (Fig. 1, d and e)-something hinted at by Tilney and deRosier (10) but never measured quantitatively until now. We also note that the velocity varies substantially (2-37 mm/s), increasing with temperature. Our primary goal is to explain this constant-velocity extrusion using knowledge of the structure and biochemistry of the bundle, which forms a minimal system in which to study the collective dynamics of protein conformation change. An understanding of the temperature dependence will then follow, albeit at a qualitative level.
In the next section, we describe the structural basis for our model, quantify the coupling between untwisting and extension of the bundle, and describe the biochemical basis for our model, focusing in particular on the role of calcium in the acrosomal reaction. We then introduce a mathematical model for the dynamics of the acrosome reaction and use it to study the evolution of the different processes. We conclude with a brief discussion of our results and generalizations of our model to other polymorphic systems. 
STRUCTURE AND BIOCHEMISTRY
Structurally, the bundle can exist in three different states ( Fig. 1, a-c) . In its coiled state, the bundle is made of a helically structured array of actin filaments that are crosslinked by the protein scruin. This helical arrangement of the bundle is tightly coupled to the conformation of individual actin filaments, each of which has a small overtwist of 0.23 /actin subunit (5 nm in size) relative to the natural chiral structure of an actin filament in the TD (9) . Occasionally, the bundle uncoils from its posterior end leading to the so-called false discharge (FD), a reaction that does not require calcium and is reversible and controllable (10, 11) (Fig. 1, b and c) . In the FD, the filaments are undertwisted by 0. 21 /actin subunit relative to those in the TD (10). When calcium is bound to the coil, the bundle becomes straight and there is no net twist in the actin filaments relative to each other. In all three states of the bundle, the filaments remain cross-linked, but their relative arrangements are different, so that there is a strong similarity of the system to certain crystals where the different possible packing arrangements lead to solid-solid displacive phase transitions (12) . There are no known motor proteins in the assembly, and furthermore, there is no growth or shrinkage of the bundle during the reaction. Thus, we see here a third distinct form of actin-based motility similar to a mechanochemical spring with just three components, quite different from polymerization engines (13) based on growth/shrinkage and musclelike motility, where myosin motors move on actin tracks (13) .
In its coiled state, the bundle is polygonal, with straight sides separated by a set of periodically spaced, sharply bent elbows (kinks) forming a regular 14-gon ( Fig. 2 a) ; along each arm, the actin filaments are supertwisted bỹ 60 (14) . To understand the kinks, we note that for strong cross-links, i.e., a highly energetic interaction between the scruin-decorated filaments, the best possible way to bend a bundle involves using a series of regularly spaced kinks separated by almost straight sections, rather than having a smoothly bent bundle, as explained qualitatively by DeRosier et al. (10) and calculated theoretically by Cohen and Mahadevan (15) . In going from the coil to the TD, the bundle rotates through an angle of 60 /arm, leading to a drilling motion (Fig. 2 b) and a simultaneous global elongation; during this process, the actual length of the bundle does not change. The kinks help to convert twist in the arms of the bundle into extension but are otherwise passive and do not themselves have to participate in the uncoiling. Indeed, they can persist without melting even after the reaction is complete (Fig. 2 c) . This observation shows that we can separate the microscopic mechanism of untwisting of the filaments in the bundle from the melting of the kinks, thus simplifying our analysis later.
To quantify the conversion of twist to extension in the bundle, we consider that a straight segment of the twisted bundle of length l lies in a plane. When this segment untwists by a total angle f, the bundle undergoes a global conformation change; for example, if f ¼ p, the kinked, coiled bundle straightens as each segment of the bundle untwists, eventually yielding a zig-zag, extended bundle that lies in the plane. In more general terms, the untwisting leads to a kinked helix, whose end-to-end distance can be computed in terms of the twist angle f and the kink angle q. For the bundle, we can decompose this process into a rotation about the tangent to the segment followed by a rotation about the local binormal and finally a translation of l along the tangent axis to shift the segment by its own length. Thus, the total elongation after the untwisting of one loop of the bundle of radius R with n kinks is
where r z and r x represent rotation about the z and x axes, respectively, q is the kink angle, f is the twist angle, and l is the length of the straight segment. As shown in Fig. 2 d, the elongation is close to the maximum for a large range of the total twist angle/segment, f, which enables some variations in the length and twist of each arm without being inefficient in conversion of twist to extension. We note parenthetically that this very clever mechanism for converting twist to extension is likely to be found elsewhere in biology, and is certainly useful in thinking about engineering nanodevices.
Having characterized the geometry of the bundle as it untwists and thus uncoils, we now turn to the role of Ca 2þ , which is known to be responsible for the change in the conformation of scruin (16) since the scruin dimer is tightly attached to the calcium-binding protein calmodulin. Indeed, structural and biochemical studies of scruin show that it acts like a molecular latch that holds the actin filaments in their twisted conformation until calcium binds to calmodulin, whereupon scruin relaxes to an open structure leading to the untwisting of the actin bundle. From an energetic perspective, our earlier work (17) showed that the elastic potential energy stored in the bundle is two orders of magnitude larger than the chemical energy of Ca 2þ binding to the bundle. Thus, Ca 2þ binding leads to a change in the effective energy landscape of the system, but it does not directly control the spatiotemporal dynamics of the reaction. This leads us to suggest the following model for the mechanism at work in this mechanochemical engine: 1), Ca 2þ binds to scruin; 2), the scruin-actin interactions are changed ever so subtly; 3), a small region of the coil begins to untwist, since the interaction between neighboring actin filaments is mediated by scruin, which decorates them; 4), this untwisting deforms the bundle of actin without completely un-crosslinking it in the binding region and is driven by the potential energy difference between the coil and true states of the bundle; and 5), Ca 2þ binds to calmodulin further along and releases the twisted state, leading to the propagation of a front of twisting that traverses along the bundle. Since ion binding is typically a fast event relative to protein sliding, we expect that the rate-limiting step in the dynamics of untwisting and force generation is the slow cooperative untwisting of the filaments (18, 19) .
Taken together, these observations and calculations suggest that we can understand the dynamics of the acrosomal reaction by focusing on a minimal picture of an untwisting actin bundle in the presence of calcium; the kinks then allow for a transformation of twist to bend and thence to extension.
MATHEMATICAL MODEL AND ANALYSIS
As shown in Fig. 3 , the actin bundle can exist in two locally stable states, the coil and the FD in the absence of calcium. However, once the calcium binds to calmodulin, the scruin dimer changes its conformation so that the actin filaments untwist into a stable straight true discharge. Since the relative twisting of the filaments is what characterizes these states, we define the twisting strain in the actin bundle as U ¼ f x ,where f(x,t) is the twist of individual filaments relative to the center line of the bundle at a location x along the contour of the bundle measured from the tip, and (.) x ¼ v x (.). The coil and FD states are approximately symmetrically located relative to the state U ¼ 0 which is locally unstable when there is no calcium. However, since the actin bundle is constituted of chiral actin filaments, we can expect that a weak signature persists, leading to an asymmetry between the coil and FD, so that U coil s U false . Once calcium binds to the bundle, the potential changes from having two minima to just one minimum corresponding to the true discharge U ¼ 0 (Fig. 3) . Then, a minimal model for the energy, E, that incorporates these features may be written as a function of the twist strain, U, via a Landau-type model of the type used to describe protein polymorphisms in bacterial flagella (1, 20) :
where the twist-gradient coefficient ,Cr 2 , with C related to the torsional rigidity and r the radius of the bundle, controls the width of the front (20) connecting the two states just as gradient terms set front widths in problems involving phase transitions. Here, the potential VðUÞ ¼ ÀaU 2 =2 þ bU 4 =4 þ dU in the absence of calcium, but it changes when calcium binds to the bundle, so that a and b might themselves be functions of time. If r is the radius of the bundle, frictional torque/unit length of the bundle due to the rate of change of twist of the filaments scales as m i R r4 xt rdA $ m i r 4 4 xt , where m i is the viscosity characterizing the protein-protein interaction between the filaments and dominates the torque due to the rotation of the bundle inside the nuclear channel as well as the rotation of the bundle in the ambient fluid outside the cell. We can see this as follows: if Dr is the clearance between the bundle and the channel and m the viscosity of the fluid inside the channel, then the channel torque scales as mr 4 f t =Dr. This contribution is dominated by the frictional interactions between scruin-decorated actin filaments as they slide past each other, since m i r 4 4 xt =ðmr 4 =Dr4 t Þ $ m i Dr=mr $ 10 2 , where we have used the parameter values Dr/r~10 nm/ 100 nm and m i /m~10 Pa$s/10 À2 Pa$s based on estimates of protein friction (18, 19) , and the effective viscosity of the filtered cytoplasm is assumed to be~10 times that of water. Therefore, the dynamics of untwisting will be ratelimited by protein friction rather than the kinetics of calcium-binding. Local torque balance then leads to the following evolution equation for the twisting strain:
with h ¼ m i r 4 the effective internal friction coefficient. We note that this dynamical model is different from that introduced by Goldstein and colleagues (20, 21) to explain flagellar polymorphisms, where a frictional resistance proportional to the speed of rotation in the ambient fluid, given by zU t , is used on the lefthand side of Eq. 3. This leads to a Cahn-Hilliard-like system, which is known to not support a constant velocity front (22) . However, if the frictional dissipation is primarily due to local protein friction, associated with a dependence on the strain rate as in Eq. 3, one gets constant velocity fronts as we now show.
Integrating Eq. 3 once with the condition of zero flux of twist (U x ¼ 0) far from the front yields a GinzburgLandau-like equation for the evolution of the twisting strain:
The untwisting in the bundle occurs where the bundle switches from the bent-twisted state to the untwisted state and is rate-limited by the dynamics of the protein friction, as discussed earlier. Once calcium binds to the bundle, the FIGURE 3 Mechanochemistry of the acrosomal reaction. In the absence of calcium, the FD and the coil are locally stable, whereas the TD doesn't exist. Due to the molecular chirality of actin, the coil and FD states are not identical but interconvertible, as observed in experiments. When the bundle binds to calcium, the TD state disappears (red line), so that the reaction occurs spontaneously and an untwisting front propagates from the coil to the FD state. The natural order parameter in this system is the twisting strain U ¼ f x , and A, C, S 1 , and S 2 correspond to the actin, the calmodulin, and the two scruin domains, respectively.
Biophysical Journal 100(4) 839-844 double-well potential switches to a simple single-well potential given by V ¼ CU 2 /2; we assume that the binding of this small molecule is rapid relative to the cooperative untwisting of the macromolecular assembly. Then, the dynamical equation for the relaxation of twist reads
with boundary conditions Uj x/þN ¼ U x ¼ 0 and U x =Uj x¼0 ¼ b where the calcium binds. Looking for an untwisting-front solution that propagates at constant velocity y of the form U ¼ Uð0Þe bðxþytÞ yields the expression
Using the experimentally measured values of the elastic modulus of the bundle (23), E~2 GPa, the average bundle radius, r~5 Â 10 À8 m, the twisting stiffness, C~Er 4 , the coil twisting strain, U c~1 .5 Â 10 6 m À1 , along with an estimate of the protein viscosity, m i~1 Pa$s, so that the twisting viscosity is h~m i r 4 , we are left with one unknown parameter, b, in the model. Using the maximum extrusion velocity obtained experimentally, y e~4 0 Â 10 À6 m$s À1 (Fig. 1 e) , implies that the untwisting velocity, which scales with the extrusion velocity, is y~10 Â 10 À6 m$s À1 , according to Eq. 1, so that we can solve Eq. 6 to obtain b~4. 10 7 m
À1
and the front width U/U x~1 /b~50 nm is comparable to the radius of the bundle, i.e., the front is strongly localized, a reasonable result that is consistent with other systems that exhibit localized fronts of conformation change (6) . This estimate can also be seen immediately by noting that the solution of Eq. 6 is given by br~1, since my=Er $ 1. Recent calcium imaging experiments (11) show that there is clearly an untwisting front, which can be stopped and restarted by chelating and reintroducing calcium in the environment of the cell. Although there is as yet no direct structural evidence for the localization of the front to the region where the coil switches from its coiled to its straight state at the entrance to the nuclear tunnel, the ability to control the progress of the reaction is strongly suggestive of this scenario. We now turn briefly to the temperature dependence of the speed of extrusion (Fig. 1 e) . Since the rate of a chemical reaction depends on temperature via an Arrhenius factor, one might expect its role to be relatively weak given the modest changes in temperature. However, since adhesive and frictional interactions between the sliding filaments also depend on the elasticity of the soft polymeric elements, which have a linear dependence on temperature, this might explain the trends seen. For example, in Eq. 6, we see that the speed depends linearly on the twisting stiffness of the bundle, consistent with this trend. We also observe that the variance in the speed increases with temperature, although the reasons for this are not entirely clear.
The spontaneous reversible transition between the coil and the FD does not require calcium. For the double-well potential VðUÞ ¼ ÀU 
which yields the form of the stationary twisting front
When d s 0, the front speed is found by computing the first-order solvability condition (in d) (22) and yields
i.e., the front velocity is linearly proportional to the difference of potential energy between the two states, DV ¼ À2U s d. However, to create such a front, the bundle needs to overcome the barrier associated with a nucleation solution by creating a length of FD (22),
ð3logðU s Þ þ logð8=dÞÞ. These observations are also qualitatively consistent with experiments that can evoke a very slow false-discharge reaction via an osmotic stress (11) once it is larger than a critical value. To understand the observation that the FD first retracts into the cell from the rear before uncoiling from the head, we note that an asymmetry in the potential energy makes it harder to twist the bundle in the direction of the twist of the FD than in the direction of the coiled state when the calcium binds to the bundle. Then the energy of the FD is much higher than the barrier of nucleation between the false and coiled states and thus naturally leads to the coiled state being converted into the true state.
DISCUSSION
Our analysis of the acrosome reaction in the Limulus brings together the structural, biochemical, and biophysical aspects of the problem, shows how molecular scales couple to the mesoscopic function and allows us to quantify 1), the sequential binding of calcium as the trigger for the reaction, consistent with recent experiments (11) showing that calcium chealation and reintroduction allow us to control the reaction; 2), the constant velocity dynamics of the mechanical front as the rate-limiting step in determining the dynamics of uncoiling and force generation; 3), the reversible FD-coil reaction, which can occur spontaneously; 4), the transition between FD and TD via the intermediary coil; and 5), the role of calcium in the process, which although necessary to start and maintain the reaction does not provide the energy for extrusion, which comes from the stored conformational energy in the twisted bundle.
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The horseshoe crab acrosomal process illustrates how conformational changes in proteins can lead to allosteric amplifications acting as a driving force for dynamic processes such as motility. More generally, this points to a general formalism for the dynamics of protein polymorphism due to the combination of slender geometry and the relatively weak forces holding macromolecular assemblies together. The driving power behind these conformational changes is typically balanced by the dissipation at the macromolecular level in the local neighborhood of a front, and generically leads to extrusion at constant velocity.
Our study is but one more example of how polymorphic transitions arise in a variety of situations in molecular settings including viruses (4, 5) , bacterial flagella (20, 21, 24) , spirochetes (25) , and more generally in allosteric interactions (6) . Given these quantitative approaches to protein polymorphisms in various different settings, which account for both the complex structural interactions and the internal dynamics of sliding and shearing that accompany these changes, two interesting questions arise: 1), what are the general principles behind their assembly and dynamics? and 2), how easy or difficult are they to evolve?
In the specific context of the acrosomal process, how these conformational strains are first trapped during the assembly of the bundle is a question raised a while ago by Tilney (7) . One possibility, suggested by the disorder in actin twist that has been long documented, is that when scruin binds to actin, it functions as a torsional Brownian ratchet, building twist into the assembly. Studies of assembly in vitro using TD bundles as nuclei for growth does not lead to twisted bundles, but by studying partially assembled bundles in vivo in developing sperm cells, we may get a clue to how strain energy is built into these assemblies.
APPENDIX: MATERIALS AND METHODS
Sperm cells were collected from male crabs and washed twice in artificial sea water (ASW) (in mM, 423 NaCl, 9 KCl, 9.27 CaCl 2 , 22.94 MgCl 2 , 25.5 MgSO 4 , 2.15 NaHCO 3 , and 10 Tris, pH adjusted to 7.9-8.0). The sample was then diluted 1:1000 with ASW and injected into a flow chamber constructed from coverslips and double-sided adhesive tape to conduct the experiments. To immobilize the cells, the bottom coverslip was first treated with a 2% (v/v in acetone) BIOBOND nonspecific adhesive solution and then rinsed with water. The TD reaction was induced by adding calcium ionophore A23187 (1 mg/ml in dimethyl sulfoxide; 21045, Sigma Aldrich, St. Louis, MO) diluted 1:10 in 25 mMCaCl 2 ASW. The FD extension was induced by adding either FD reaction buffer (0.1% Triton X-100, 0.1 mM EDTA, 3 mM MgCl2, and 30 mM Tris, pH 8 (4 C)) or salty ASW with increased NaCl. All experiments were performed at room temperature with a Nikon TE-3000 inverted microscope with a NA 1.4 100Â oil-immersion objective. Video was recorded with a Dage MTI CCD100 camera, and digitized for tracking with a PC. Individual extension profiles were visually tracked using software provided by Photron Cameras (San Diego, CA).
